It is quite difficult to apply the regular well patterns into the development of oilfields due to a series of factors like the geology complexity, the limitation of development cost and the operability in real reservoir. Therefore, a new kind of well pattern is proposed to deal with the above problem. This method focuses on developing multilayer reservoir by the stepped horizontal well, which is deployed with two vertical injectors at both sides, respectively. According to the newly established well pattern, the corresponding productivity formula for the stepped horizontal is deduced. In this process, the stepped horizontal well is divided into several sections by each layer in the first. Secondly, the productivity equation of one section among them is derived on the basis of conformal transformation and potential flow theory, the other section is dealt with in the same way. Thirdly, the simultaneous equations of productivity for each section are solved on the basis of nodal analysis. Besides, the pressure drop loss of wellbore flow in the horizontal section is also taken into consideration. Finally, the total productivity is worked out.
INTRODUCTION
With the prosperous development of horizontal wells, they have been widely used in the development of complex reservoirs for the benefits of oil production. Well productivity comes first in field development and affects the field development strategies. Early in the 1980s, Joshi (1988) presented the productivity calculation formula for single horizontal well. After this, with the wide use of horizontal well in recent years, the seepage theory of well patterns of horizontal well thrives steadily, such as the 5-spot regular areal well pattern (Lang et al., 1993) , the combination well pattern of vertical well and horizontal well (Qu et al., 1995; Ge et al., 1995) and integral well pattern of horizontal well injection-production (Liu et al., 2000 (Liu et al., , 2001 (Liu et al., , 2004 Zhang et al., 2009 ). However, due to the geological complexity (such as faults, structure), development costs and fields' adjustment, it is very difficult to deploy those regular well patterns in real oilfields, such as little fault block oil reservoir in Jiangsu and Jidong oilfield (Zhou et al., 2006) , special low permeability thin mutual reservoir of Daqing peripheral oilfield (Jiang et al., 2006) , ultra-thin sandstone layered reservoir of Hade oilfield (Xiang et al., 2006; Chen et al., 2008) and low permeability reservoirs of Chunliang oilfield (Feng et al., 2003) , etc.
In this paper, a new kind of well patterns is proposed. This well pattern focuses on developing multilayer reservoir by the stepped horizontal well, which is deployed with two vertical injectors at both sides respectively. According to the newly established well pattern, the corresponding productivity formula for the stepped horizontal is deduced. The applicability of the formula is examined comparing with real production of well Z12-33 in Zhaozhou oilfield.
PHYSICAL MODEL OF RESERVOIR AND STEPPED HORIZONTAL WELL
The physical model of stepped horizontal well pattern with two vertical injectors at both sides respectively had been introduced, as shown in Figure 1 , a schematic of stepped horizontal well in multilayer reservoir system with no-flow boundaries, two vertical injectors are in an isotropic rectangular reservoir with n oil-layer (z direction) and there is an impermeable layer between each oil layer. Assume the number of segments is first, second, i-th, n-th from the bottom of reservoir to the top. The length of i-th layer horizontal segment is 2L i . The stepped horizontal well is located in the middle of reservoir and parallel to the x direction. The assumptions are as follows:
(1) Pressure is uniformly distributed in the reservoir and the injection pressure of vertical injectors is identical. (2) Oil fluid flows from the reservoir to the bottom hole with small and constant compressibility C f , constant viscosity µ, and formation volume factor B o . Fluid properties are independent of pressure. Gravity force effects are negligible. (3) The reservoir has constant K i permeability and thickness h i in i-th layer. The wellbore radiusis considered constant.
3D STEADY STATE FLOW IN RESERVOIR 3.1 Flow analysis of stepped horizontal well
Firstly, the whole pattern is decomposed into several subsystems in Plane. As shown in Figure 2 , the central of each segment is chosen as the origin of coordinate system in every layer, and horizontal wellbore is parallel to the x axis. For each layer, a horizontal-segment is deployed with a vertical injector at both sides respectively. 
Conformal Transformation
For i-th oil layer, Z(x, y) coordinate system is established as shown in Figure 3 . The ith horizontal-segment is located in the center of rectangular area, and two vertical injection wells are located in both sides of the horizontal well respectively. Assuming that the coordinates of the two vertical injectors are Z(x 1i , y 1i ) and Z(x 2i , y 2i ) respectively. The following conformal transformation is applied (1) where (2) ChW is hyperbolic cosine function, and . Then the rectangular domain Z is changed into the up-half rectangular domain W, the i-th horizontal-segment is changed into planar banded drainage channel with the width of v, and the corresponding quadrant (first, second, third and fourth) is also transformed. Two vertical injectors are transformed from Z(
It has to be pointed out that the flow rate of the image well in the up-half rectangular domain W is equal to the flow rate of the original well in the rectangular domain Z. In domain W, defining along the negative direction of u axis as flow direction, then the flow from the third and fourth quadrant of the wells is negative in domain W.
Productivity equation derivation process for i-th segment
Definitions have been made that the u axis direction of the flow direction is negative, and the v axis of the left-half plane of the potential is also negative. Thus the flow direction of the second vertical injection well is negative. According to potential flow theory (Muskat, 1946) , the potential distribution in domain W is obtained by the superposition principle: (6) Where Bp is the injector-producer pressure drawdown. The total flow rate of i-th segment is:
Taking the radial flow of the surrounding area of the horizontal well into account (Joshi, 1988) , by combining Eq. (6) and Eq. (7), the productivity formula of i-th segment flow from reservoir to i-th node of wellbore is: 
Where .
Therefore the productivity index at i-th node is (9)
FLOW IN STEPPED HORIZONTAL WELLBORE
In stepped horizontal well, assuming that the flow of horizontal wellbore meets with the characteristics of pipe flow. The pressure drop from the toe end to the heel end of the well is essential to maintain fluid flow within the wellbore. The pressure distribution in each wellbore segment can influence the production behavior of the well. Therefore, a simple model must be developed to calculate the pressure drop in the horizontalsegment wellbore. As shown in Figure 4 , the corresponding nodal system is established, the central of each segment is chosen as a node, the wellbore pressure of i-th node is p wi , the production rate of i-th node from reservoir to wellbore is Q i . Generally, the total pressure drop losses include the frictional pressure drop, gravitational pressure drop and acceleration pressure drop. In this paper the acceleration pressure drop is ignored because of the low velocity of fluid flow. According to research achievements of Haaland's (1983) , the frictional pressure drop over a horizontal-segment L i of tubing at i-th node is (12) Where κ is the viscosity of the fluid, cp. Combining Eq. (11) and Eq. (12) into Eq. (10) and considering the gravitational pressure drop, the total pressure drop at i-th node is obtained (13) According to the behavior in the horizontal section of the horizontal well, an analytic model of the horizontal wellbore pressure drop is established.
COUPLING MODELS OF RESERVOIR FLOW AND WELLBORE FLOW
There must be a pressure drop along the borehole of horizontal-segment during the production period, which causes the non-uniform distribution of pressure along the wellbore. This influences the radial flow production rate from reservoir to wellbore, which in turn affects the distribution of pressure drop along the wellbore during the production period. Thus there exists a coupling relationship between reservoir seepage and wellbore flow (Ouyang et al., 1998 (Ouyang et al., , 2001 .
In order to distinguish the flow production between reservoir flow to node and node to node flow in wellbore, the i-th flow rate from reservoir to node is defined as q i , node to node in wellbore as Q i , Then we have (14) And the total production rate of stepped horizontal well is 
In the above equations, p m is the injector wellbore pressure, p wi is the wellbore pressure at i-th node, p wf is the stepped horizontal wellbore pressure at the top or bottom of the reservoir.
SOLVING METHOD AND APPLICATION 6.1
Step-by-Step Procedure Given the locations of each well in a rectangular reservoir, the injection pressure, flowing bottom hole pressure, reservoir and fluid properties data are known, the production of horizontal well can be calculated. the production rate of stepped horizontal well can also be calculated by using iteration algorithm. The steps are as follows:
Step 1: Calculate the productivity index (J i ) at each node with Eq. (9) by using the locations data of two injection wells and stepped horizontal well.
Step 2: Assuming that the initial value of wellbore pressure for all node are p wf , and calculate the reservoir flow rate q i (i=1,2,…, n) of all nodes by Eq. (16), then calculate the wellbore flow rate Q i (i=1,2,…, n) for all nodes by Eq. (14).
Step 3: Put Q i into Eq. (13) to calculate the pressure loss Bp i (i=1,2,…, n) of all nodes.
Step 4: Calculate and update the wellbore pressure of all nodes by Eq. (17), so a set of new wellbore pressure can be obtained.
Step 5: Repeat steps 2 through 4 until the two iterative calculation error of wellbore pressure is less than the allowing error (ε ≤ 10 -5 ), then iterative calculation finish.
Application
Zhaozhou oilfield belongs to delta shallow-water phase sedimentary system with sand-mud interbed deposition. The oil-bearing formation is Putaohua oil layer which is divided into seven sub-layers. The stepped horizontal well Z12-33 of Zhaozhou oilfield is selected to validate the applicability of the established productivity formula, the total horizontal length of well Z12-33 is 667m and the length of production interval is 596m. Wellbore radius, r w =0.1m, oil viscosity, µ=9.0 mPa·s, surface oil density, ρ=0.8645 t/m 3 , formation volume factor, B o =1.097. The well Z12-33 locations and some other data are listed in Table 1 .
Calculated by the established formula, the total production rate of horizontal well Z12-33 is 16.6t, including 4.4t from PI3 layer, 10.9t from PI4 1 layer, 1.3t from PI4 2 layer. Actually, the real total production rate of well Z12-33 is 15.7t, the relative error of the established formula is 6.74%. The results indicate that the relative error is small, which proves the reliability of the formula. Therefore, the formula can be applied into the real reservoirs to aid the oilfields development. 7. CONCLUSIONS This paper presents steady state productivity equations of a stepped horizontal well in an isotropic rectangular reservoir with coupling reservoir/wellbore flow. The following conclusions can be obtained:
(1) A new kind of well patterns is proposed. This well pattern focuses on developing multilayer reservoir by the stepped horizontal well, which is deployed with two vertical injectors at both sides respectively. (2) According to the established well pattern, the corresponding productivity formula for the stepped horizontal is deduced on the basis of conformal transformation and potential flow theory. Besides, the pressure drop loss of wellbore flow in the horizontal section is also taken into consideration. (3) The data of well Z12-33 in Zhaozhou oilfield are adopted to validate the established formula, the error between calculated value and real production is small, it indicate that the established formula can be applied into the real reservoirs to aid the oilfields development. 
